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Thioridazine  (TZ)-induced  accumulation  of  the  universal  efﬂux  pump  substrate  ethidium  bromide  and
its subsequent  efﬂux  by Salmonella  strains  with  various  degrees  of  overexpressed  efﬂux pumps  takes
place  automatically  at pH  7.4,  is  independent  of  a  metabolic  source,  is  not  affected  by a proton  ionophore
and  is  precluded  by  palmitic  acid.  Salmonella  enterica  serotype  Enteritidis  cultured  in medium  containing
increasing  concentrations  of  TZ  does  not  grow  during  the ﬁrst  6–8  h,  after  which  time  its  growth  is  similar
to  unexposed  controls.  At  the  end  of  a  16-h  exposure  period,  the  organism  is resistant  to  >250  mg/L  TZ.
Parallel  assessment  by  real-time  reverse  transcription  quantitative  polymerase  chain  reaction  (RT-qPCR)
of the  activity  of  genes  that regulate  and  code  for the AcrB  transporter  of  the  main  efﬂux  pump  (AcrAB)  of
the organism  at  periodic  intervals  suggests  a sequence  of  activation  beginning  with  the  stress  gene soxS,
followed  by  the global  regulator  ramA,  then  by the  local  regulator  marA  and  then  by the transporter  acrB.
These  activations  take  place  during  the  period  of  no  growth.  By  the  end  of  a 16-h  culture  period,  onlyoxS
ob
crB
mrA
mrB
the  acrB  transporter  gene  is still  highly  overexpressed.  Assessment  of the  activity  of  genes  of the  two-
component  regulon  PmrA/B  indicates  that  TZ also  activates  this  regulon.  Because  activation  of  pmrA/B
also  activates  acrB,  development  of  high  resistance  to TZ  during  a  16-h  culture  period  is in  part  due  to
activation  of the  two-component  regulon.
© 2011 Elsevier B.V. and the International Society of Chemotherapy. All rights reserved.eveloped resistance to thioridazine during
ulture
. Introduction
According to the US Centers for Disease Control and Prevention
CDC), ‘During 1993–1997, a total of 2,751 outbreaks of food-
orne disease were reported (489 in 1993, 653 in 1994, 628
n 1995, 477 in 1996, and 504 in 1997). Among outbreaks for
hich the etiology was determined, bacterial pathogens caused
he largest percentage of outbreaks (75%) and the largest per-
entage of cases (86%). Salmonella enterica serotype Enteritidis
∗ Corresponding author. Tel.: +351 21 365 2600; fax: +351 21 363 2105.
E-mail address: lamaral@ihmt.unl.pt (L. Amaral).
1 Permanent address: Institute of Pharmacognosy, Faculty of Pharmacy, Univer-
ity of Szeged, Eötvös u. 6, 6720 Szeged, Hungary.
924-8579/$ – see front matter ©  2011 Elsevier B.V. and the International Society of Chem
oi:10.1016/j.ijantimicag.2011.08.013accounted for the largest number of outbreaks, cases, and deaths.’
[1]; 95% of Salmonella outbreaks were from food-borne sources
[2].  Nosocomial Salmonella infections and outbreaks in hospitals
result from food-borne sources, most of which can be traced to
food workers (faecal-to-hand contamination) with the remainder
due to transfer from patient sources (faecal soiling of bed sheets,
etc.) to hospital personnel who  transfer the organism to other
patients, etc. [3].  Although hospital-acquired Salmonella infections
are readily managed, when they take place in patients who have
had a resection of the colon, the organism may  penetrate into the
mucosa of the colon and produce high mortality rates regardless
of therapy [4].  The main reason for problematic therapy lies in
the variety of responses that Salmonella activates when in a nox-
ious environment, rendering the organism quite resistant to most
antibiotics.
otherapy. All rights reserved.
al of A
c
p
o
P
A
(
m
m
F
t
e
t
m
l
o
s
i
h
p
t
c
m
o
a
h
S
i
f
e
i
p
w
h
[
m
i
n
i
s
S
w
E
e
[
p
u
A
q
2
2
f
c
f
2
aG. Spengler et al. / International Journ
Amongst these responses is activation of the PmrA/B two-
omponent regulon, which is activated by the low pH of the
hagolysosome of the neutrophil that temporarily imprisons the
rganism subsequent to its phagocytosis [5].  Activation of the
mrA/B two-step regulon eventually leads to the synthesis of lipid
, which is rapidly introduced into the nascent lipopolysaccharide
LPS) layer of the outer cell membrane [5]. The increase in LPS
akes the organism resistant to practically everything, including
ost antibiotics and antimicrobial agents such as bactericidins [5].
ailure of antibiotic therapy is also assured by the two-step regulon
hat activates PmrD, which in turn activates the global regulator of
fﬂux pumps, the MarA operon, that eventually leads to the activa-
ion of acrB, the gene coding for the transporter component of the
ain efﬂux pump (AcrAB) of the organism [5].  Activation of acrB
eads to overexpression of the AcrAB efﬂux pump, bestowing the
rganism with a multidrug-resistant (MDR) phenotype [6].  Intrin-
ic resistance of Salmonella during colonisation of the colon lies in
ts downregulation of porins, thereby limiting the penetration of
ydrophobic antibiotics, or upregulation of its main AcrAB efﬂux
ump that extrudes the antibiotic before it reaches its intended
arget [7,8].
The intrinsic resistance of Salmonella during colonisation of the
olon as well as its induced resistance to degradation by the lysoso-
al  machinery of the neutrophil thereby limiting the effectiveness
f current antibiotics, coupled with its high frequency in food-borne
nd nosocomial infections, poses a public health hazard that extols
igh economic costs and human suffering.
Although the identiﬁcation of overexpressed efﬂux pumps in
almonella clinical isolates has been scantly reported, it is antic-
pated that, as is the case for other Gram-negative bacteria, the
requency of multidrug resistance attributed to overexpressed
fﬂux pumps will increase as attention to this cause of resistance
ncreases. Because of the role that overexpressed efﬂux pumps
lay in problematic therapy, we have studied the mechanisms by
hich efﬂux pumps of Gram-negative bacteria arise [9,10] and
ave paid particular attention to agents that inhibit their activity
7,9–11]. In addition, we have developed methods for the assess-
ent of efﬂux pumps of bacteria and evaluation of agents that
nhibit them [12,13].  Amongst the most potent inhibitors of Gram-
egative efﬂux pumps are phenothiazines [14,15],  amongst which
s the neuroleptic phenothiazine thioridazine (TZ). In the current
tudy, the effect of TZ on the activity of the efﬂux pump system of
. Enteritidis strains, each one differing from their parental strain
ith respect to the level of efﬂux pumps expressed, was studied.
valuation of real-time activity was conducted by the automated
thidium bromide (EtBr) method as previously described in detail
12,13]. Moreover, as a consequence of assessment of the efﬂux
ump system, the effects of TZ on the activity of genes that reg-
late and code for the AcrB transporter of the main efﬂux pump
crAB–TolC was also studied by real-time reverse transcription
uantitative polymerase chain reaction (RT-qPCR).
. Materials and methods
.1. Materials
Mueller–Hinton (MH) powder (Sigma, Madrid, Spain) was  used
or preparation of MH  agar and MH  broth. EtBr, TZ and carbonyl
yanide m-chlorophenylhydrazone (CCCP) were also purchased
rom Sigma..2. Bacteria
Salmonella Enteritidis NCTC 13349, S. Enteritidis 104 and 104CIP
nd S. Enteritidis 5408 and 5408CIP were studied. Salmonellantimicrobial Agents 39 (2012) 16– 21 17
Enteritidis 104CIP and 5408CIP strains were derived from their
respective parental strains by gradual exposure to ciproﬂoxacin,
achieving high-level resistance to this antibiotic. Regarding
5408CIP, resistance was  due to six-fold overexpression of the
acrB gene that codes for the transporter of the AcrAB–TolC efﬂux
pump; and regarding the 104CIP, resistance was due to similar
overexpression of the AcrAB–TolC efﬂux pump, two mutations in
the soxS gene and a mutation in gyrase 1A [16]. Bacterial strains
were provided by S. Fanning.
2.3. Methods
Bacteria were cultured on MH  agar and were incubated
overnight. Thereafter, a single colony was transferred to MH  broth,
incubated at 37 ◦C for 16 h and the minimum inhibitory concen-
tration (MIC) of TZ was determined by microbroth dilution as per
Clinical and Laboratory Standards Institute (CLSI) guidelines [17].
It is necessary to know the MIC  of compounds to be evaluated
for effects on the efﬂux pump system as it enables the amount of
compound to yield 0.25–0.5× MIC  to be determined, relative con-
centrations that are known to have little or no effect on the viability
and replication of the bacterium [11].
2.3.1. Detection of efﬂux pump activity
Detection of efﬂux pump activity by the Salmonella strains was
conducted by a semi-automated ﬂuorometric method as described
previously [7,12,13]. Brieﬂy, the method follows the real-time accu-
mulation of EtBr by a bacterial population using a Rotor-Gene
3000TM thermocycler (Corbett Research, Sydney, Australia) pro-
grammed for 30–40 cycles of 1 min  each for a duration of 25 min  at
a constant temperature of 37 ◦C. Bacteria were ﬁrst grown in MH
broth to reach an optical density at 600 nm (OD600) of 0.6. Cells were
then centrifuged, washed twice with phosphate-buffered saline
(PBS) (pH 8) and the OD600 adjusted to 0.6 with PBS (pH 7.4)
containing 0.4% glucose. Aliquots of 0.045 mL were transferred to
microtubes of 0.2 mL  volume and immediately aliquots of 0.045 mL
of saline (pH 7.4) containing EtBr and glucose to yield ﬁnal concen-
trations of 1 mg/L and 0.4%, respectively, with and without varying
concentrations of TZ at concentrations well below the MIC, were
added. The instrument was  started and real-time accumulation of
EtBr (amount of relative ﬂuorescence emitted) was followed up
to 60 min. Excitation and emission wavelengths were 530 nm and
585 nm,  respectively.
2.3.2. Determination of growth of Salmonella strains in the
absence and presence of thioridazine
Isolated colonies of the Salmonella strains were transferred to
10 mL  tubes containing increasing concentrations of TZ in MH
broth. Growth was  followed spectrophotometrically at 600 nm for
up to 24 h.
2.3.3. Assessment of the activity of genes that regulate and code
for the AcrB transporter by real-time reverse transcriptase
polymerase chain reaction
Isolated colonies of S. Enteritidis 104 were transferred to 10 mL
tubes containing a subinhibitory concentration of TZ (100 mg/L)
and at intervals of 0, 1, 4, 8, 16 and 24 h of culture at 37 ◦C the
tubes were centrifuged at 1200 × g for 15 min. Pellets were sus-
pended in PBS, centrifuged and re-suspended in PBS and the OD600
was  adjusted to 0.6. From aliquots of 1.5 mL  of each tube, total
RNA was isolated in an RNase-free environment using an RNeasy
Protect Mini Kit (QIAGEN, Hilden, Germany) according to the man-
ufacturer’s instructions. The integrity, purity and concentration of
the extracted RNA templates were assessed by spectrophotome-
try at 260 nm and agarose gel (1.5%). Puriﬁed RNA was stored in
1 al of Antimicrobial Agents 39 (2012) 16– 21
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Fig. 1. (A and B) Effect of increasing concentrations of thioridazine (TZ) on accumu-
lation of 1 mg/L ethidium bromide (EtBr) by Salmonella enterica serovar Enteritidis
NCTC 13349 reference strain in an assay containing 0.4% glucose (A) and in the
absence of glucose (B). (C) Effect of carbonyl cyanide m-chlorophenylhydrazone
(CCCP) on TZ-promoted accumulation and efﬂux of EtBr in medium lacking or con-
taining glucose in S. Enteritidis 104. Note: the ﬁgure presents the effect of addition of
CCCP at the peak of accumulation of EtBr in the assay. Regardless of the presence of
glucose, addition of CCCP did not prevent the efﬂux that followed the TZ-promoted
peak accumulation of EtBr. In contrast, addition of CCCP in the assays that did not8 G. Spengler et al. / International Journ
Nase-free water in siliconised tubes and was maintained at −20 ◦C
ntil quantiﬁcation was performed.
Real-time quantiﬁcation of the RNA templates by real-time one-
tep RT-qPCR was performed in a Rotor-Gene 3000TM thermocycler
Corbett Research) strictly adhering to the manufacturer’s recom-
endations of the QuantiTect® SYBR® Green RT-PCR Kit (QIAGEN).
rieﬂy, each 0.2 mL  standard microfuge tube contained 12.5 L of
he 2× QuantiTect SYBR Green RT-PCR Master Mix, 0.25 L of 10×
uantiTect RT mix, 900 nM of each primer and ca. 20 ng of total
NA in RNase-free water in a ﬁnal volume of 25 L.
The forward and reverse primers used for assessment of the
ctivity of the global regulator ramA, the stress genes soxS and
ob, the local regulator marA, the transporter acrB and the two-
omponent regulon pmrA and pmrB are shown in Table 1.
. Results
The MIC  of TZ against the ﬁve strains of Salmonella exceeded
50 mg/L and did not vary signiﬁcantly for each strain. Therefore,
oncentrations of TZ that approached the MIC  were selected for the
tudy evaluating their effects on the efﬂux pump system of all ﬁve
trains.
Because efﬂux at pH 7 requires a source of metabolic energy [19]
nd as phenothiazines inhibit the activity of many enzymes that
re involved in the generation of metabolic energy, the study of the
ffects of TZ on efﬂux was  conducted in the presence and absence
f glucose in order that any effects produced by the phenothiazine
hat are dependent or independent of metabolic energy could be
dentiﬁed. As shown in Fig. 1A, the effect of TZ concentrations
n the assay containing glucose produces increasing accumulation
f EtBr in a concentration-dependent manner by the NCTC refer-
nce strain. However, at a concentration of 50 mg/L the amount
f accumulation peaks after 10 min, after which time it begins to
ecrease (efﬂux) to a level that is similar to the accumulation pro-
uced by TZ concentrations >20 mg/L. When glucose is omitted
rom the assay medium (Fig. 1B), accumulation of EtBr promoted
y 50 mg/L TZ is twice as high as that produced in the presence
f glucose (relative ﬂuorescence of 80 vs. 40 in the presence and
bsence of glucose, respectively) and the peak of accumulation
hat takes place at 10 min  is followed by efﬂux, ultimately reach-
ng a plateau that is equal to that noted in the presence of glucose
ca. relative ﬂuorescence of 20; Fig. 1A). Concentrations of TZ that
pproach the MIC  produce increasingly greater accumulation ear-
ier in time, which is followed by efﬂux. At a concentration that is
lose to the MIC, efﬂux ends when a level of relative ﬂuorescence
f 60 is reached, after which time the level of accumulated EtBr
emains unchanged for the duration of the assay. The reason for
his plateau is due to the intercalation of EtBr that takes place at or
lose to the MIC  (extracted DNA from bacteria exposed to 200 mg/L
Z in this assay showed the presence of ﬂuorescence that disap-
ears when DNase is added; data not shown). Intercalated DNA
s not subject to efﬂux due to its high binding constant [13]. The
utomatic efﬂux promoted by TZ in the absence of glucose sub-
equent to the peak of EtBr accumulation was indeed surprising
iven that efﬂux by Salmonella [20] and other Gram-negative bac-
eria is dependent upon metabolic energy in an assay where the
H is ≥7 [7,12,13]. Another surprise was that CCCP, an ionophore
hat by binding protons promotes the collapse of the proton-motive
orce (PMF) thereby inhibiting the activity of PMF-dependent efﬂux
umps, when added at the peak of accumulation promoted by TZ
oes not affect the efﬂux that takes place in glucose-free saline
Fig. 1C). However, as is the case with Escherichia coli [21], the pres-
nce of calcium in the assay system prevents the accumulation of
tBr produced by TZ.
contain TZ inhibited efﬂux regardless of the presence of glucose. The data have been
normalised relative to the curves of each set (with and without TZ) in order that the
comparison is more readily made.
G. Spengler et al. / International Journal of Antimicrobial Agents 39 (2012) 16– 21 19
Table  1
Forward and reverse primers used for assessment of the activity of the global regulator ramA, the stress genes soxS and rob,  the local regulator marA, the transporter acrB and
the  two-component regulon pmrA and pmrB of Salmonella enterica serovar Enteritidis 104.
Gene Primer sequence
(5′ → 3′)
Amplicon size (bp) Reference
16S rRNA Fw GCGGCAGGCCTAACACAT
Rv GCAAGAGGCCCGAACGTC
182 [16]
ramA  Fw CGTCATGCGGGGTATTCCAAGTG
Rv CGCGCCGCCAGTTTTAGC
107 [16]
marA  Fw ATCCGCAGCCGTAAAATGAC
Rv TGGTTCAGCGGCAGCATATA
180 [16]
soxS Fw AAATCGGGCTACTCCAAGTG
Rv CTACAGGCGGTGACGGTAAT
217 [16]
rob  Fw CATTACGGCTGGGCGAGTTTACC
Rv CTGGCGGAATAGTTGGCGAATGAC
180 [16]
acrB  Fw TTTTGCAGGGCGCGGTCAGAATAC
Rv TGCGGTGCCCAGCTCAACGAT
184 [16]
pmrA Fw  CGCGCAAACCGAAGGCTATG 192 This study
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component of the regulon, pmrA. Activation of the PmrA/B regulon
is known to activate acrB by activating pmrD [5].  Because activation
of the PmrA/B regulon takes place under a very acid pH such as that
Fig. 2. Effect of palmitic acid on thioridazine (TZ)-promoted accumulation and efﬂuxRv GTATCGCGGGCGGTCAGAATG
pmrB  Fw GCGTGGGCCAGTCATTCTCTTCC
Rv ATCAATACCCGGCCCCTCGTCTT
Previous results demonstrated that at pH 8 the activity of the
fﬂux pump system of the Salmonella NCTC strain was  totally
ependent upon metabolic energy [20]. Therefore, we  examined
he effect of TZ on another MDR  strain S. Enteritidis 5408 whose
crAB–TolC efﬂux pump is of an intrinsic type, i.e. it is present at a
ormal basal level of activity and may  be subject to overexpression
hen the organism is exposed to a noxious agent [6].  At the high pH
f 8, TZ promotes the exact same response from the S. Enteritidis
04 and 5408 strains as that evident by the Salmonella NCTC refer-
nce strain when glucose is present and absent in the medium (data
ot shown). In contrast, the effects of TZ on accumulation of EtBr by
he progeny of 104 and 5408 that have been induced to high-level
esistance to ciproﬂoxacin (104CIP and 5408CIP), do not yield a peak
f accumulation that is followed by efﬂux (data not shown). These
esults suggest that the overexpressed AcrAB–TolC efﬂux pumps of
hese strains readily extrude the phenothiazine before it reaches
he targets that promote accumulation of EtBr as is the case for the
arents and for the NCTC wild-type strains.
Since metabolic energy provides the needed protons for the
unction of an efﬂux pump at the high of pH 8 [20] and as Salmonella
as the ability to utilise fatty acids in place of glucose [22,23],  the
tBr assay was repeated with a concentration of 50 mg/L TZ and
ncreasing concentrations of palmitic acid added in place of glu-
ose. As noted in Fig. 2, with increasing concentrations of palmitic
cid the TZ-promoted accumulation of EtBr is proportionately
ecreased. These results are interpreted to signify that palmitic
cid provides the needed energy for efﬂux, hence little accumu-
ation of EtBr results. Moreover, because TZ inhibits enzymes that
re involved in the generation of energy from metabolic sources
uch as glucose and their dependence on calcium [21], and because
he effects of TZ on the accumulation of EtBr are reduced or even
bviated with palmitic acid, it may  well be that the enzymes that
ct on the fatty acid for the generation of energy are either not
ffected by the phenothiazine or are beyond its reach.
The TZ-promoted increased accumulation of EtBr that is fol-
owed by efﬂux may  be the reason for the resistance of Salmonella to
he phenothiazine. Exposure to chlorpromazine (CPZ), a neurolep-
ic from which TZ is derived, inhibits the replication of S. enterica
erotype Typhimurium during the ﬁrst 6–8 h of culture, after which
he organism becomes increasingly resistant to this phenothiazine
24]. Others have shown that multiples of the MIC of this phenoth-
azine affect genes that regulate and code for the transporter AcrB
25]. Because the latter study did not evaluate the activity of genes
uring the entire culture period of exposure to the phenothiazine
PZ, and because the activity of TZ on bacteria is similar to that of
PZ, we have examined the effects of increasing concentrations of9 This study
TZ on the growth of S. Enteritidis 104 and, at intervals during the
culture, assessed the expression of genes that regulate and code for
the AcrB transporter.
As seen in Fig. 3, during the ﬁrst 6–8 h the organism is not grow-
ing. However, during this period of no growth, a sequence of genes
are overexpressed compared with their control counterparts (no
TZ). Brieﬂy, by the end of 1 h of culture, the stress gene soxS is over-
expressed more than ﬁve-fold compared with that of the control
(no TZ) and returns to normal levels of expression by the end of
4 h. The stress gene rob is not activated during the entire culture.
Activation of soxS is followed by activation of the global regulator
ramA, and this is followed later in the culture by activation of marA.
By the end of 8 h of culture, the acrB gene that codes for the trans-
porter is now overexpressed by more than 40-fold. By the end of 8 h
of exposure to TZ, the organism is now able to extrude the noxious
agent and achieve growth at its normal rate. Interestingly, pmrB,
the sensor gene of the two-component regulon that bestows resis-
tance in Salmonella [5],  is signiﬁcantly overexpressed by the end
of 4 h and this is followed hours later by activation of the secondof  ethidium bromide (EtBr) by Salmonella enterica serovar Enteritidis NCTC 13349
in  medium lacking or containing glucose or palmitic acid. Note: in this assay, the
concentration of glucose was 0.6% and the effects of TZ on accumulation of EtBr were
not  obviated. However, in glucose-free medium, addition of palmitic acid inhibited
the  effect of TZ on accumulation in a concentration-dependent manner.
20 G. Spengler et al. / International Journal of A
Fig. 3. Activities of genes during transient inhibition of growth from exposure to
100  mg/L thioridazine (TZ) on Salmonella enterica serovar Enteritidis 104. Note: dur-
ing  the ﬁrst 8 h, the organism is not growing. However, during this period of no
growth, the genes that regulate and code for the AcrB transporter are sequentially
activated; ﬁrst soxS, then followed 3 h later by ramA, marA and pmrB, and then by 8 h
of  culture ramA decreases its activity, marA returns to baseline activity, acrB is max-
imally increased in activity and pmrA is now active. By the end of the 16-h culture
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Aeriod, only acrB remains elevated in activity. The level of gene expression is signif-
cant when it exceeds a two-fold difference compared with that of the unexposed
ontrol.
resent in an activated lysosome [7],  TZ appears to present another
nvironmental challenge to the organism that is independent of pH.
iven that TZ inhibits access to metabolic energy thereby reducing
he generation of hydronium ions that rapidly decrease the pH, the
echanism by which TZ promotes activation of the PmrA/B regulon
s intriguing. Regardless, exposure of Salmonella to the phenoth-
azine induces resistance to the agent as a consequence of activation
f genes that regulate and code for the main efﬂux pump AcrAB.
ecause activation of the PmrA/B regulon results in the synthe-
is of lipid A that is introduced into the nascent LPS layer of the
uter membrane, and this makes the organism resistant to practi-
ally everything [5],  the eventual resistance to the phenothiazine
MIC > 200 mg/L) must in part be due to activation of the PmrA/B
egulon.
. Discussion
The results obtained in this study suggest that the early response
f S. Enteritidis to the phenothiazine TZ is at ﬁrst one of susceptibil-
ty since the organism does not grow during the ﬁrst 8 h of exposure,
fter which time it grows at a similar rate to the control culture lack-
ng TZ. During the ﬁrst hour of exposure, assessment of the efﬂux
ump system of the organism indicates rapid accumulation of the
niversal efﬂux pump substrate EtBr, which reaches a peak that is
ollowed by extrusion (efﬂux) of the substrate. The efﬂux noted is
ot affected by CCCP or by the absence of glucose. The possible rea-
on for the inability of CCCP to inhibit the TZ-promoted efﬂux of
tBr is due to the source of protons (hydronium ions) provided by
he metabolism of fatty acids when the metabolic sources of energy
uch as those used by glycolysis are omitted from the assay. These
rotons (hydronium ions) are believed to replace those that are
enerated by the metabolism of glucose. Furthermore, it should
e noted that the hydronium ions generated by metabolism are
elieved to pass through the efﬂux pump and thereby reduce the
nternal pH of the pump so that the substrate bound to the trans-
orter can dissociate and be extruded via the ﬂow of water through
he pump [20].
TZ-promoted accumulation of the EtBr substrate can be pre-
ented by the presence of calcium in the assay system. Assessment
f the activity of genes that regulate and code for the transporter
crB indicated that exposure to TZ activates a sequel of genes that
ventually result in the overexpression of the main efﬂux pump
crAB. The period during which this activation takes place is duringntimicrobial Agents 39 (2012) 16– 21
the ﬁrst 8 h or so when the organism is not growing (i.e. suscepti-
ble to TZ). After 8 h, with the exception of the transporter gene acrB,
the genes have essentially returned to their baseline level of activ-
ity (i.e. that of the non-TZ-exposed control). At this period of the
culture, the organism grows at a similar rate to the control. We
interpret these results to indicate that the eventual growth at high
subinhibitory concentrations of TZ (below the MIC  of >200 mg/L) is
due to the activation of genes that regulate and code for the AcrAB
efﬂux pump of the organism. In addition, because genes of the two-
component regulon PmrA/B are also activated, this regulon also
contributes to the eventual resistance of the organism.
In recent years, phenothiazines have been shown to affect the
expression of genes that code for components of the cell wall of
Staphylococcus aureus [26] as well as essential genes, including
efﬂux pump genes, of Mycobacterium tuberculosis [18,27]. These
studies were conducted with concentrations of TZ that exceeded
the MIC  against the respective organism. Consequently, the effects
noted are not physiologically relevant since the organisms are not
replicating and are possibly dead. With respect to the phenoth-
iazine CPZ, effects were noted on the expression of genes that
regulate and code for the AcrB transporter [25]. However, whereas
the results of that study show activation of the global regulator
ramA, the activity of the gene that codes for the transporter AcrB
was  depressed. Inhibition of acrB by CPZ is not compatible with the
results of the current study with TZ and may  reﬂect a difference(s)
in their structure. However, wherever the two  phenothiazines (CPZ
and TZ) are examined for activities against bacteria, their effects
are similar [28,29].  Moreover, it is difﬁcult to understand why
the level of acrB activity is decreased when the global regulator
ramA is increased in activity. However, the difference in the two
approaches, where the current study was conducted on the basis
of following gene expression during the entire period of exposure
to TZ whereas the previous study was  restricted to one interval,
may  account for the disparity in results.
The effects promoted by TZ are dependent upon calcium [21]
and in the current study calcium plays a similar role. This is con-
sistent with the fact that binding of calcium to calcium-dependent
processes is inhibited by phenothiazines such as CPZ and TZ [19].
We do not believe that the phenothiazine actually has a direct effect
on the genes, but rather limits or obviates access to calcium by cal-
cium signalling-dependent systems. That this may  indeed be true
is supported by the wide-ranging effects that the phenothiazine
has on hundreds of genes of mycobacteria [18,27] as well as the
many genes of S. aureus [26] where calcium signalling plays a major
role. Nevertheless, it remains for future studies to assess accurately
the role played by the phenothiazines in mechanisms that lead to
resistance. Perhaps these studies will provide an additional under-
standing of how resistance develops in the human treated with an
antimicrobial agent.
Finally, the transition from susceptibility to TZ to eventual high
resistance to this phenothiazine, in our opinion, mimics what takes
place in the patient who is initially treated with an antibiotic that
proves ineffective. Consequently, because the transition is brought
about by initial exposure to a concentration of the antibiotic that is
sub-effective, one would expect that use of a phenothiazine that is
known to inhibit the activity of the efﬂux pump as an adjunct would
be desirable. However, because the response to the phenothiazine
also results in the transition from susceptibility to high resistance,
the adjunct use of TZ or perhaps any other similar phenothiazine
may  actually contribute to additional resistance, perhaps even a
MDR  phenotype. This intriguing question is currently under study.
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